A novel fabrication technique has been developed for creating high density (7.7 electrodes/mm 2 ), out of plane, high aspect ratio silicon-based convoluted microelectrode arrays for neural and retinal prosthesis. The unique convoluted shape of the electrodes compliments the curved surface of nerves, and in the case of retina, its spherical geometry. This electrode array's geometry has the potential to secure implantation in the nerve and to physically stabilize it against displacement after insertion. This report describes a novel method for de-insulation of the electrode tip and its limitations in terms of uniformity in tip de-insulation.
INTRODUCTION
Microfabricated electrode arrays have been used to record and stimulate nerve axons in the peripheral and central nervous system. Advances in silicon micromachining have brought forth new configurations of microelectrode structures, such as the Utah Electrode Array (UEA), in either flat or slant configurations [1, 2] . The peripheral nerve has a cylindrical geometry, and the retina has a spherical geometry, so when UEAs are implanted into these tissues, a gap will exist between the electrode array and the targeted tissue. This can result in a fibrotic tissue buildup between the array and nerve that can displace the array and effectively explant it from the nerve [3, 4] .
Recent technological improvement in the area of micro-electromechanical systems (MEMS) have significantly facilitated the development of some flexible polymer based electrode (polyamide and poly-dimethylsiloxane, PDMS) that will not fracture during surgical handling or when manipulated by forceps during insertion into the cylindrical shaped nerves or spherical shaped retina [5, 6] .
In this report, we describe a novel method of fabricating electrode arrays with a form that more closely conforms to the cylindrical morphology of the targeted nerve, or the spherical geometry of the retina. Thus, these arrays possess geometrical features that may make them well suited for neural and retinal prosthesis. The advantages of these electrodes are: (1) the arrays would conform to the geometry of the nerves; (2) the variable height of the electrodes might improve the ability to selectively activate specific cortical lamina (curved due to the shape of the gyri of the brain), or specific regions of the nerve; and (3) because their geometry conforms to that of the implanted tissues, these electrode arrays will reduce the extra-neural volumes that are present with conventional UEAs, and that could provide sites for fibrotic tissue ingrowths. Figure 1 briefly illustrates the process flow for the fabrication of convoluted shaped electrode arrays. The substrate used for fabrication of these arrays was single crystal silicon which was 75 mm diameter, 2 mm thick, 0.02-0.5 -cm resistivity, (100) p-type.
FABRICATION PROCESS
In order to form the initial curvature, a Disco, DAD 640, dicing saw was utilized to make variable depth cuts indexed at 0.1 mm in one direction; the shallowest cut was 0.1 mm while the deepest cut was 1 mm. The silicon wafer was then rotated by 90 o , and additional variable depth cuts were made with same indexing. A 0.1 mm thick, 2 mm in length, 5 µm diamond grit side blade rotating at 20,000 rpm was used to make variable depth orthogonal cuts 2EN3.P
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The 14th To form the electrodes, thirteen cuts of variable depth were made with an index of 0.4 mm, the deepest cut is 1.5 mm and the shallowest cut is 1 mm and all these cuts were made with respect to the surface of silicon. The wafer was then rotated by 90 o and additional thirteen cuts were made with the same parameters. Apart from thirteen cuts, fins and corner post were also made as shown in Figure 2 . The fins and the corner post are designed to reduce the loading effect (the edge electrodes etch faster than the center electrodes in the etchant). Figure 3 shows an SEM picture of the electrode arrays after variable depth dicing.
In order to shape the rectangular diced columns into sharp electrodes a wet chemical etching process using 5% hydrofluoric (49% conc) + 95% nitric acid (69%) was used. A 75 mm Teflon wafer holder was used for this wafer scale etching process [8] . The wet etching is a two-step process consisting of static and dynamic components; a detailed description of the etching procedures is given elsewhere [1, 7] . The dynamic etching uniformly etches the electrodes into square columns. The static etch etches the electrodes preferentially at the top of the column with respect to the base to impart a sharp tip. The dynamic etching was carried out for 5 minutes, while the static etching was done for 8 minutes. After etching the fins and corner post were diced and the arrays were singulated into individual dies. Figure 4 shows an SEM picture of an electrode array after etching.
Figure 2. Top view of array after using a dicing saw to make deep orthogonal cuts into the Silicon wafer (schematic).

Figure 3. SEM picture of the side-view of the wafer after variable depth dicing
In order to decrease the electrical impedance to the nerve tissue the tips are metallized with Ti/Pt/Ir (240/50/100 nm), as shown in Figure 5 . This is achieved by using a thin aluminum foil as a masking layer [1] .
The electrode array is encapsulated with a biocompatible layer (Parylene-C). The insulation layer is deposited by a low-pressure chemical vapor deposition process (LPCVD), a detailed description of the process is given elsewhere [8] .
To transfer electrical charge from metallized silicon tips to neural tissue, the electrode tips need to be de-insulated. The electrode array is placed in a custom built Teflon holder and positive photo resist (AZ 4620) is spin coated (500 rpm) on the electrode array until all electrodes are submerged in the photoresist. The holder is placed in an oven at 50 0 C for 10 hours to cure the photo resist. The Parylene-C is removed from the active tip area, as shown in Figure 6 , by a reactive ion etching in an oxygen plasma (Oxford Plasmalab 80 plus). The plasma etching was done at an oxygen flow rate of 50 sccm, etching pressure of 100 mTorr at 13.56 hertz RF power of 75 W for 1.5 hours. The dry etching in the oxygen plasma removes the photoresist preferentially from the tip. As the parylene coated electrodes are exposed, the parylene on the electrodes also gets etched. As seen in Figure 7 a certain amount of nonuniformity in tip exposure due to the unique geometry of the electrode array can be observed. The shortest electrode is exposed less than the longest electrode. To solve this problem other methods are being evaluated, such as laser ablation.
The method described in this paper is a platform technology and can be extended to create different shaped electrodes. An example of a convex shaped electrode array that could be used in a retinal prosthesis is shown in Figure 8 . 
CONCLUSIONS
This paper, for the first time, describes a high throughput, mask-less, method of fabricating high aspect ratio, out-of-plane, convoluted shaped neural electrode arrays by utilizing variable depth dicing. Also, a novel masking technique of deinsulating variable height tips has been examined but it was concluded that this technique is not well suited for the convoluted shaped electrode array. This array fabrication technique offers a new approach for building a variety of neural interface devices having complex three-dimensional geometries.
